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INTRODUCTION
A wide range of intracellular products, including chemicals, antibiotics, enzymes, and therapeutic drugs, produced using recombinant DNA technology has emerged in the pharmaceutical market. Various cell disruption methods have been developed to accommodate efficient and cost effective release of these products from the impermeable cell wall and membrane of their hosts. Identification of a suitable cell disruption method is therefore very important, because the nature of the disruption process affects the efficiency of the product's recovery and quality. Fundamentally, cell disruption methods can be classified into mechanical *Corresponding author Tel: +60-3-89466289 Fax: +60-3-86567120 e-mail: btey@eng.upm.edu.my and non-mechanical methods (reviewed in Refs [1, 2] ). During mechanical cell disruption, the cell walls are physically broken to release the intracellular components into the surrounding medium.
The most common mechanical methods used for cell disruption are bead milling and high-pressure homogenization. Both methods involve the application of high shear forces to deform and rupture the cell wall [1] [2] [3] [4] . In a bead mill, the collision between cells and beads under vigorous agitation produces high shear stress that breaks the cell wall apart. A bead mill can be operated either in batch [5, 6] or in continuous recycling mode [7] . In a pressure homogenizer, the cell suspension is forced through a narrow orifice valve using high pressure, followed by an instant expansion through a nozzle outlet. The combination of high liquid shear in the orifice and sudden pressure drop upon discharge leads to cell wall disruption.
Ultrasonication is another common mechanical cell-disrup-tion method based on high shear created by high-frequency ultrasound (above 16 kHz) [1] . In an ultrasonicator, highfrequency sonic waves cause implosive collapse of the gasfilled cavitation bubbles, generate intense local shock waves equivalent to thousands of atmosphere pressure, which ultimately lead to cell wall disruption [1, 3] . An example of a nonmechanical cell disruption method frequently applied in laboratory-scale protocols is enzymatic lysis (discussed in Refs [1,2]). It is not widely used in large-scale processes due to its high chemical and consumable cost as well as the necessity to remove the lytic enzyme from the product. Hepatitis B core antigen (HBcAg) is a valuable nanoplex bioproduct produced for the pharmaceutical market. This virus-based nanoparticle has been exploited as a molecular carrier for various epitopes [8, 9] . Besides, HBcAg has great potential for the development of oligonucleotide and gene therapy delivery tools [8, 10] . Apart from that, HBcAg has been incorporated into pharmaceutical compositions for prophylactic or therapeutic vaccinations [9, 11, 12] . The target product of this study is a truncated version of HBcAg, which has a higher expression level in Escherichia coli compared to its full-length version [13] . Due to its wide application, a feasible cell disruption method should be established to ensure a low operating cost, high product recovery, and high quality of the recovered product. In the present study, a comparative evaluation of five different cell disruption techniques, including high-pressure homogenization, batch-mode bead milling, continuous-recycling bead milling, ultrasonication, and enzymatic lysis was investigated. The resulting unclarified cell disruptate was subsequently applied to batch anion-exchange adsorption and the performance of this direct recovery method was examined.
MATERIALS AND METHODS

Cultivation of bK=Åçäá
The E. coli W3110IQ strain harboring the plasmid PR1-11E, which encoded a truncated HBcAg [14] , was cultured in Luria Bertani (LB) broth supplemented with ampicillin and harvested as previously described [15] .
Bead Milling Cell Disruption
The pelleted E. coli cells were suspended in lysis buffer [50 mM Tris-HCl (pH 8.0)] at a 10% (w/v) biomass concentration prior to bead mill disruption. A 600-mL Dynomill Type MultiLab (Maschinefabrik CH-4005, Willy A. Bachofen, Basel, Switzerland) glass chamber loaded with 0.3 mm Zirconia beads [80% (v/v) bead volume] was used. In the continuous recycling mode, the bead mill was operated at impeller tip speeds of 14 m/s and feed flow rates of 15 L/h. The partially disrupted biomass slurry was recycled back into the disrupting chamber for a total of 10 passes. In the batch mode, cell disruption was carried out at 10 m/s impeller tip speed for 17 min to ensure a complete disruption of cells.
High-Pressure Homogenization
For high-pressure homogenization, a high-pressure homogenizer was used, consisting of a compressor (Ceccato Aria Compressa Spa, Italy) and an emulsifier (Emulsiflex-C50, Canada). Prior to feedstock application, the emulsifier was washed with sterile distilled water for 5 min, followed by 5-min sterilization with 50% (v/v) ethanol and 5-min equilibration with lysis buffer. The cells were disrupted under high pressure (500 bar or 7,250 psi) through the emulsifier. This step was repeated 3 more times for a total of 4 passages.
Ultrasonication Cell Disruption
The ultrasonic disruption of cells was performed using an ultrasonic homogenizer (Labsonic U-Ultra 50, B. Braun, Germany) equipped with a titanium needle tip (40 T) of 4-mm diameter and 127-mm length (Model 853 811/5). The disruption period was 30 sec followed by 60 sec intervals in an ice bath for a total period of 90 min at 180-W acoustic power. The samples were kept in a salt-ice bath during the cell disruption to prevent overheating.
Enzymatic Cell Lysis
For enzymatic lysis, the E. coli cell pellets were resuspended at a biomass concentration of 10% (w/v) in 15 mL of lysis buffer with 0.1% (v/v) of Triton. The cell suspension was then mixed with 0.2 mg/mL of lysozyme in the presence of 4 mM of MgCl 2 and 20 µg/mL of DNAase and incubated with gentle shaking at room temperature for 2 h.
Intact Cell and Viscosity Measurements
The relative intact cell density of the cell disruptate was measured spectrophotometerically at a wavelength of 600 nm (D 600 ) using a spectrophotometer (UVmine 1240, Shidmadzu, Japan) [15] . The viscosity of the cell disruptate was determined using a viscometer (DV-II + Viscometer, Brookfield Eng. Lab., USA) equipped with a Spindle SC 14-18 (rotating at a standard speed of 60 rpm).
Total Protein and HBcAg Quantitation
The content of total protein was determined using the Bardford assay [16] with bovine serum albumin (BSA) as a standard; whereas, the purity of HBcAg was determined via SDS-PAGE analysis. The quantitation of HBcAg was based on the method previously described by Tey et al. [15] and Ng et al. [17] with slight modifications. The relative quantity of the HBcAg band on the SDS-PAGE gels, which represents the relative quantity of HBcAg in the sample, was determined using the Quantity One ® Quantitation software (Gel Doc, Bio-Rad, USA). The amount of HBcAg was determined by calculating the relative quantity of the HBcAg against the amount of total protein obtained from the
